Background: There is current interest in the maternal-fetal effects of antenatal vitamin D supplementation, yet little data regarding vitamin D's role in neonatal calcium homeostasis. We determined to assess the effect of high-dose antenatal vitamin D supplementation on fetal and neonatal calcium concentrations.
e ssential adaptations in maternal-fetal mineral metabolism during gestation and immediately following birth maintain a positive calcium balance for the infant (1) . Vitamin D is an important factor in calcium and bone mineral metabolism, yet its role in fetal and early postnatal calcium homeostasis in humans remains unclear. Maternal vitamin D status, as measured by the major circulating metabolite 25-hydroxyvitamin D (25(OH)D), is a critical determinant of fetal-neonatal vitamin D stores (2) . Therefore, antenatal vitamin D supplementation may have important modulatory effects on fetal and neonatal calcium homeostasis.
Transplacental calcium transfer has been proposed to be independent of maternal vitamin D status (3) , based on the findings of normal fetal calcium concentrations in vitamin D deplete rats (4,5) and 1-α-hydroxylase-deficient pigs (6) . Yet, other animal models suggest a role of vitamin D; for example, antenatal 1,25 hydroxyvitamin D treatment of pregnant sheep increases fetal calcium concentration (7) . In humans, evidence that vitamin D influences fetal calcium endowment emerged in several prenatal vitamin D trials conducted in the 1980s that demonstrated that maternal vitamin D supplementation in vitamin D-deficient women may increase cord serum calcium concentrations (8) . Furthermore, four of these trials demonstrated a significant effect of antenatal vitamin D supplementation on infant calcium homeostasis during the first week of life (9) (10) (11) (12) . The clinical relevance of this finding was highlighted in three trials that reported decreases in the frequency of neonatal hypocalcemia (9, 10, 13) . These trial findings explained the association between low maternal 25(OH)D and increased risk of symptomatic early neonatal hypocalcemia in observational studies (14) (15) (16) (17) .
Previous trials that addressed the effects of maternal vitamin D supplementation on fetal and neonatal calcium concentrations primarily involved the use of vitamin D2 (ergocalciferol) rather than vitamin D3, employed daily doses of 1,000 IU or less (or large single-dose regimens), and generally omitted reports of the range of serum calcium values or the occurrence of episodes of hypercalcemia (8) . In light of renewed interest in the potential health benefits of vitamin D sufficiency in pregnancy, including the use of considerably higher antenatal vitamin D3 doses of 4,000-5,000 IU/d (18) (19) (20) , it is of importance to assess the safety of a higher-dose regimen with respect to neonatal calcium status and, in particular, the potential risk of hypercalcemia.
The Antenatal Vitamin D in Dhaka (AViDD) trial was a randomized, placebo-controlled, double-blinded trial of weekly oral vitamin D3 (cholecalciferol) supplementation during the
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Articles third trimester of pregnancy in Bangladeshi women. In this setting, low serum concentrations of 25(OH)D are common (21, 22) , with baseline 25(OH)D concentrations of less than 50 nmol/l seen in 64% of the women recruited to AViDD (19) . The aims of the present follow-up study were to expand on the current literature regarding the role of vitamin D supplementation in fetal and neonatal calcium homeostasis by: (i) estimating the effect of the prenatal vitamin D supplement on transplacental calcium flux as represented by cord calcium concentrations, (ii) characterizing the modulation of early neonatal calcium handling by prenatal vitamin D supplementation, and (iii) determining the safety of high-dose antenatal vitamin D supplementation with respect to neonatal calcium homeostasis, and, in particular, the risk of early neonatal hypercalcemia. We hypothesized that antenatal vitamin D supplementation would increase cord calcium and attenuate the postnatal drop in serum calcium concentrations without leading to an increased risk of neonatal hypercalcemia.
RESULTS
Serum specimens were obtained from 130 of 160 (81%) mothers at the time of delivery (63 placebo and 67 vitamin D). Cord blood was collected from 67 and 65 in the placebo and vitamin D groups, respectively. Specimens were obtained from 73 (56%) infants: 44 specimens on day 2 or 3 (36 of which were from day 3) and 31 specimens on days 4 to 8 (17 of which were from day 5) (Figure 1 ). For brevity, these two groups of time points will be referred to as "day 3" and "day 5" groups, respectively. Average maternal and cord albumin-adjusted calcium (adj-Ca) concentrations in the maternal-infant pairs with available infant biochemistry were not significantly different from those pairs for whom infant specimens were not collected (data not shown).
Effect of Prenatal Vitamin D Supplementation on Transplacental Calcium Transfer
Mean adj-Ca and mean total cord Ca concentrations were higher in the supplemented vs. the placebo group, although the difference in adj-Ca did not reach statistical difference ( Table 1) . Among the 127 maternal-cord pairs (63 placebo and 64 vitamin D), cord adj-Ca was independently associated with maternal adj-Ca but not with maternal or cord 25(OH)D concentrations ( Table 2) . Cord parathyroid hormone (PTH) was significantly suppressed in infants born to mothers with vitamin D supplementation ( Table 1) . There was a significant inverse association between cord PTH and adj-Ca ( Table 2) .
Effect of Prenatal Vitamin D Supplementation on Early Neonatal Calcium Homeostasis
In both groups, mean adj-Ca concentrations decreased from cord blood to day 3 before rebounding at day 5 ( Figure 2 ). There were no cases of hypocalcemia. Antenatal vitamin D supplementation was associated with higher mean infant day 3 adj-Ca concentration compared with the placebo group, with a significantly attenuated decline in adj-Ca concentration from cord to day 3 ( Table 1) . These findings were concordant with longitudinal analyses that demonstrated that the rate of decline in adj-Ca from birth (cord) to day 3 was significantly lower in the vitamin D group vs. the placebo group (P < 0.001 for group-by-time interaction). In contrast, the rates of increase in adj-Ca beyond day 3 was similar between intervention groups (P = 0.66) (Supplementary Figure S1 online ). There was no difference in serum magnesium concentrations between groups, nor was there a strong correlation between magnesium and adj-Ca concentrations (Pearson correlation r = −0.21; P = 0.07). Whereas at day 3, there was no between-group difference in average PTH concentration, infants in the supplemented group had significantly lower PTH at day 5 ( Table 1) . Among the 44 maternal-cord pairs with infant day 3 serum samples available, maternal and cord 25(OH)D concentrations were both significantly associated with infant day 3 adj-Ca, whereas cord adj-Ca and PTH were not significant predictors ( Table 2 ). For every 10 nmol/l increase in cord 25(OH) D, there was a 0.02 mmol/l attenuation in the decline of adj-Ca concentrations from cord to day 3 of life (95% CI: 0.002-0.04; P = 0.03).
Effect of High-Dose Antenatal Vitamin D Supplementation on the Risk of Early Postnatal Hypercalcemia
Five of the 37 infants (13.5%) in the vitamin D group and 5 of the 36 infants (13.8%) in the placebo group were identified during the trial as having serum adj-Ca concentrations greater than the predetermined study upper reference limit of 2.82 mmol/l. These 10 infants were randomly distributed throughout the range of observed maternal and cord 25(OH) D concentrations. An additional infant in each group had an isolated elevated urinary calcium:creatinine ratio (U Ca:Cr ) ( Table 3 ). All infants were asymptomatic based on caregiver history, fed without difficulties, and had unremarkable clinical examinations performed by a pediatrician. Six of the 10 infants with elevated postnatal adj-Ca concentrations had assessment of renal function based on serum creatinine and routine biochemistry, which was normal in all cases. Renal ultrasonography was performed on 11 of the 12 infants at 1 mo of age, and all had normal examinations. In all cases, there was spontaneous resolution of the elevated serum adj-Ca and U Ca:Cr concentrations ( Table 3) . Two of the infants' parents declined further blood tests. There were no significant differences in mean maternal delivery adj-Ca or cord adj-Ca between infants who developed hypercalcemia and those who did not (Figure 3) . In addition to its effects on fetal calcium homeostasis, we found that antenatal vitamin D supplementation also modulated early neonatal calcium homeostasis by increasing day 3 infant calcium concentration and attenuating the physiological postnatal calcium decline. These results are in accordance with all five previously published antenatal supplementation trials in which neonatal calcium concentrations were reported (9-13) (Supplementary Figure S3 online) . Other than the study by Brooke et al., who reported a cord 25(OH)D concentration of 137.9 nmol/l in the vitamin D-supplemented group, the previously published trials achieved significant increases in neonatal calcium concentrations despite modest increments in cord 25(OH)D concentration of between 3.7 and 27.4 nmol/l. A limitation of our study was that the infant postnatal blood specimen protocol commenced 4 mo into the trial, limiting the number of mother-infant pairs for whom postnatal biochemical data were available. The small sample size may have limited the power to detect significant associations, particularly with respect to the apparent between-group difference in infant adj-Ca at day 5. However, by assessing infant adj-Ca and PTH concentrations at two early time points, we were able to demonstrate that antenatal vitamin D supplementation not only tempered the early fall in adj-Ca concentration but also hastened recovery, as evidenced by the more rapid normalization Initial renal ultrasound at postnatal day 17 was reported to show evidence of bilateral nephrocalcinosis. Follow-up ultrasound performed at 1 mo of life was normal. The initial ultrasound images were subsequently examined by a pediatric radiologist at the Hospital for Sick Children (Toronto, Canada), who did not find evidence of nephrocalcinosis given the absence of hyperechogenicity in the renal medulla zones (interpreted without knowledge of the result of the follow-up ultrasound). 
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Articles of infant PTH concentrations by day 5 in the supplemented group. The strong association between cord 25(OH)D and the decline of adj-Ca from cord to day 3 suggested a postnatal effect of 25(OH)D on early infant calcium homeostasis. We speculate that the prenatally endowed pool of 25(OH)D available for activation of 1,25 hydroxyvitamin D influences the efficiency of gastrointestinal absorption of calcium and the capacity to mobilize calcium from bone. Although not measured in our subjects, antenatal vitamin D supplementation has been demonstrated to significantly increase 1,25 hydroxyvitamin D concentrations in infants (11) . Since the majority of infants in the present study were breast-fed, and maternal vitamin D status does not affect breast milk calcium content (27) , it is unlikely that the difference in postnatal calcium concentration between groups was attributable to differences in dietary calcium intake. There are other mechanisms that may influence calcium homeostasis that were not measured in this study. Among previously published antenatal vitamin D supplementation trials in which calcium homeostasis was explored, five assessed the effect of supplementation on neonatal calcium concentrations (9-13); however, none documented either the range of postnatal calcium values or the occurrence of hypercalcemia. Therefore, an important contribution of the present study was the observation that high-dose maternal vitamin D supplementation (35,000 IU/wk) did not lead to an increased proportion of infants with elevated postnatal calcium concentrations, based on upper limits of a reference range established a priori for the study. However, the safety of high antenatal vitamin D doses should continue to be evaluated in future trials, given the relatively small number of infants studied and the lack of previously published data about the risk of neonatal hypercalcemia. There have been no published reports of neonatal hypercalcemia attributable to antenatal vitamin D supplementation in humans; however, hypercalcemia secondary to hypervitaminosis D has been reported in older infants given extreme doses of vitamin D (900,000-4,000,000 IU) (31) and in infants with mutations in the 1,25 hydroxyvitamin D catabolizing enzyme CYP24A1 (32) . Infants in the present study who developed elevated postnatal calcium concentrations did not appear to have abnormalities in vitamin D metabolism or the calcium sensing receptor, given the transient nature of the elevation in calcium concentrations and the appropriate increase in renal calcium excretion, when measured, at the time of hypercalcemia. Instead, we believe these infants may represent the spectrum of serum calcium concentrations that can physiologically occur within the first few weeks of life and that the normal ranges for neonatal serum and urine calcium concentrations may be broader than previously recognized. The current debate regarding the serum calcium range in young infants was reflected by the recent report of Vanstone et al. (33) , who reported a case of "hypercalcemia" in an infant with a peak serum calcium concentration of 2.75 mmol/l after receiving 1,400 IU of vitamin D3 for 2 mo, prompting other authors to argue that this value was well within the typical range for this age group (34, 35) . A trial by Holmlund-Suila et al., who randomized 113 infants to receive 400, 1,200, or 1,600 IU/d of vitamin D3 from 2 wk of life, reported that 39% of subjects had U Ca:Cr greater than the study reference range of 2.2 mmol/mmol, irrespective of supplementation dose or 25(OH)D concentration (36) . Given the current controversies surrounding definitions of neonatal hypercalcemia and Articles Harrington et al.
hypercalcuria, population-based data to inform the development of infant calcium reference ranges would enable improved safety monitoring in future prenatal and early infant vitamin D supplementation trials. In summary, the present results support the mechanistic role of maternal prenatal vitamin D status in fetal and neonatal calcium homeostasis. In addition, this trial provides important infant safety data, demonstrating that a high-dose antenatal vitamin D supplementation regimen (35,000 IU/wk) did not increase the risk of early neonatal hypercalcemia. We conclude that high-dose antenatal vitamin D supplementation is likely to be safe with respect to fetal and neonatal calcium homeostasis as long as the regimen does not induce maternal hypercalcemia. These data may be used to inform the design of future trials aimed at testing current hypotheses related to the potentially broad maternal-infant health effects of improving maternal vitamin D status (37) .
METHODS
Participant recruitment, randomization, and prenatal intervention in the AViDD trial have been described in detail (19) . In brief, 160 healthy women, between 26 and <30 wk of gestation, were randomly assigned to one of two masked intervention groups: 35,000 IU of vitamin D3 (cholecalciferol) or placebo, as a weekly dose, until delivery. Vitamin D3 was delivered as a liquid formulation (Vigantol oil, 20,000 IU vitamin D3 per ml; Merck KGaA, Darmstadt, Germany), and the placebo was the oil-based vehicle lacking any vitamin D3. The dose of 35,000 IU of vitamin D3 was based on data from a pharmacokinetic study of antenatal vitamin D3 supplementation, aiming to ensure that >90% of supplemented women achieve a 25(OH)D concentration of >80 nmol/l by the time of delivery (38) . In accordance with local standards of care, the protocol did not involve maternal or infant vitamin D supplementation in the postpartum period. Informed consent was obtained from all participants. This study was approved by ethical review boards at The Johns Hopkins Bloomberg School of Public Health (Baltimore), The Hospital for Sick Children (Toronto), and the International Center for Diarrheal Disease Research Bangladesh. The trial was registered at ClinicalTrials.gov (NCT01126528).
Data Collection
The AViDD trial was initiated in August 2010, with the first birth occurring in September 2010; however, the postnatal blood specimen collection protocol was not commenced until December 2010, thereby limiting the number of mother-infant pairs for whom postnatal biochemical data were available. The last birth occurred in April 2011. The present study was based principally on analyses of scheduled maternal venous blood collection on the day of delivery (maternal), umbilical cord venous blood (cord), and infant venous blood collection on days 3 and 5 of life. Infant specimen collection timing was chosen to capture the nadir and subsequent recovery in calcium concentrations that were expected to occur in the first week of life (1) . Each individual infant had only one scheduled postnatal specimen, which was randomly assigned to be either day 3 or day 5. However, specimens could be drawn at any time during the first week depending on availability and parental preference. Specimens were assayed for serum concentrations of calcium, albumin, magnesium, PTH, and 25(OH)D. Spot urine specimens were collected from infants at the time of blood collection for the measurement of U Ca:Cr . However, infant urine collection was not routinely implemented until February 2011, after it was noted that several infants demonstrated above-range serum calcium values.
Real-time monitoring of infant postnatal serum calcium concentrations during the study was based on a study-specific algorithm adapted from published reference ranges (39, 40) , whereby an adj-Ca concentration at day 3 or 5 of life that was <1.90 or >2.82 mmol/l was considered to be outside the reference range and prompted repeat serum calcium measurement and clinical examination by a physician at about 1 wk of life. If the serum adj-Ca was <2.15 or >2.94 mmol/l on repeat assessment (39), a third blood specimen was collected in the second week of life to repeat serum calcium and other routine biochemistry (including creatinine). Infants with symptoms suggestive of hypercalcemia or hypocalcemia at any time would have prompted immediate referral to specialist care, yet no such cases occurred. Follow-up specimens were not collected for two infants, as the parents refused repeat blood collection in their well-appearing infants. Infants with urine U Ca:Cr > 2.0 mmol/mmol (41) had a repeat U Ca:Cr assessment at 1 mo of life. Renal ultrasound for assessment of possible nephrocalcinosis was scheduled at 1 mo of life for infants who had at least one above-range serum calcium or urinary U Ca:Cr values.
Laboratory Analyses
Maternal and infant venous blood specimens were collected by standard methods, and cord blood specimens were collected from the umbilical vein immediately after delivery of the placenta. Serum and urine aliquots were maintained at 4 °C and analyzed within 48 h of collection for serum Ca, albumin, and U Ca:Cr on an AU640 Olympus Autoanalyzer (Olympus, Kobe, Japan) at International Center for Diarrheal Disease Research Bangladesh in Dhaka. Total Ca concentration was adjusted for the serum albumin concentration by the formula: Ca + (0.02 × (40 − albumin)). Intact PTH was measured at baseline and delivery using a chemiluminescent microparticle immune assay (i1000SR Architect Autoanalyzer, Abbott Park, IL) at International Center for Diarrheal Disease Research Bangladesh. Serum aliquots maintained at −20 °C in Dhaka were shipped at ambient temperature to Toronto for measurement of serum 25(OH)D concentration by high-performance liquid chromatography tandem mass spectroscopy (LC-MS/MS) in the Department of Pathology and Laboratory Medicine at the Hospital for Sick Children, Toronto (19) .
Statistical Analysis
The primary outcome measures were: (i) cord adj-Ca (to assess the effect of maternal vitamin D supplementation on transplacental calcium transfer); (ii) infant day 3 adj-Ca and the absolute change in adj-Ca concentration from cord to day 3 of life (to define the role of prenatal vitamin D supplementation on early postnatal calcium homeostasis); and (iii) infant adj-Ca concentrations at any time, as a measure of neonatal hypercalcemia or hypocalcemia (safety assessment). For outcome 1, all available maternal and cord specimens were included in the analysis. For outcomes 2 and 3, analyses included a subset of maternal-infant pairs for which postnatal biochemical data were available. Cross-sectional between-group differences in mean serum Ca, adj-Ca, change in adj-Ca, PTH, and 25(OH)D concentrations were analyzed in maternal, cord, and infant specimens using unadjusted linear regression. PTH concentrations were log-transformed to approximate normality for parametric tests. The change in adj-Ca concentration from cord to infant at day 8 was also modeled longitudinally using generalized estimating equations with exchangeable correlation and robust variance estimation. Piecewise regression splines with a knot at day 3 were used in generalized estimating equations to accommodate the nonlinear change in adj-Ca with infant age. Group-by-time interaction terms were used to estimate effects of prenatal supplementation on the change in adj-Ca. To explore biological mechanisms underlying observed differences between the vitamin D and placebo groups, multivariable linear regression models were used to identify maternal and cord blood biochemical parameters (i.e., 25(OH)D, PTH, adj-Ca) associated with cord adj-Ca and infant-3 adj-Ca. The placebo and vitamin D groups were similar with respect to baseline characteristics, including maternal vitamin D status at enrollment (19) . The subjects in this study also did not differ by treatment group with respect to gestational age at delivery (placebo vs. vitamin D: 39.2 ± 2.6 vs. 38.6 ± 2.0 wk; P = 0.14) or birth weight (2,875 ± 329 vs. 2,975 ± 380 g; P = 0.23), and thus, these variables were not considered as mediators of the differences in biochemical parameters.
